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Abstract 

This work presents a novel white light device. An yttrium aluminum garnet (YAG) phosphor-incorporated zinc oxide 
(ZnO) film is deposited on a slide glass substrate by ultrasonic spray pyrolysis. A nanoflower consisting of a 
hexagonal nanopetal is formed on the surfaces of the samples, and the sizes of the nanopetal are approximately 
200 to 700 nm. Additionally, the nanopetal becomes blunted with an increasing incorporated amount of YAG. As 
the incorporated amount is 1.5 and 2.5 wt.%, the photoluminescence color of the YAG-incorporated ZnO film is 
nearly white, possibly contributing to the YAG emission and the band-to-deep level transition in the ZnO film. 
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Background 

Solid state lighting technology is the next generation 
light source, owing to its potential luminescence effi- 
ciency. GaN-based white light- emitting diode (LED) is 
the most widely used solid state light source because of 
its long lifetime, high energy efficiency, small size, ability 
to produce color light directly without filtering, and in- 
tegration with other semiconductor electronic elements 
[1-6]. However, prohibitively high manufacturing costs, 
unstable production in run-to-run and wafer-to-wafer, 
inadequate light uniformity, and inferior color rendering 
index represent major obstacles to GaN-based LED as a 
main light source in the future. The first two obstacles are 
attributed to the expensive growth technology of metal- 
organic chemical vapor deposition and the Ga-N bonding 
mechanism. The latter two obstacles are caused by a 
mixture of blue and yellow lights. White LED consists of a 
blue LED chip and a yellow phosphor coating. A non- 
conformal phosphor coating causes thickness of phosphor 
coating layer variation and inadequate color uniformity. 

Therefore, this study describes a novel white light 
device for light source. ZnO is commonly used as a 
material for optical device applications in the UV range 
owing to its wide direct bandgap (3.37 eV) [7-10]. An 
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n-ZnO/p-GaN heterostructure LED was reported [11]. 
However, that is a UV range structure, and no any optical 
characteristics were demonstrated. In this work, an yt- 
trium aluminum garnet (YAG) phosphor-incorporated 
ZnO film is deposited by ultrasonic spray pyrolysis. The 
optoelectronic characteristics are also studied. Addition- 
ally, the crystallinity of YAG phosphor-incorporated into 
the ZnO films is studied using X-ray diffraction (XRD) 
analysis. 

Methods 

YAG phosphor-incorporated ZnO film was deposited 
by ultrasonic spray pyrolysis on slide glass substrates at 
atmospheric pressure in nitrogen (N 2 ) gas, at a flow rate 
of 100 seem for 30 min. The YAG phosphor- incorporated 
ZnO film (YAG phosphor at 0, 0.5, 1.5, and 2.5 wt.%; 
NYAG4156 phosphor, INTEMATIX, Fremont, CA, 
USA) was produced by spraying aqueous solutions. 
The spraying aqueous solution preparation is as fol- 
lows: (1) a solution consisted of Zn(CH 3 COO) 2 -2H 2 0 
(0.2 M) and CH 3 COONH 4 .2H 2 0 (0.2 M) with 1:3 pro- 
portional ratio which were used as sources of ZnO, and 
(2) the NYAG4156 phosphor powder was added into the 
ZnO source solution to form the spraying aqueous solu- 
tion, where the NYAG4156 powder is suspendible. A 
slide glass was used as the substrate, which was etched 
with HC1 for 5 min before deposition. An aerosol of the 
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precursor solution was then generated using a com- 
mercial ultrasonic nebulizer. Next, the morphology of 
the film was studied by field-emission scanning electron 
microscope (FESEM). The resistivity and the mobility of 
the film were studied by Hall measurement. The crystal- 
Unity was investigated by XRD using a rotating anode 
Rigaku X-ray diffractometer (Mac Science Corporation, 
Yokohama, Japan) with Cu-Kax radiation at a wavelength 
of 1.54 A, where the radiation was generated at 45 kV 
and 40 mA. Notably, the film had a polycrystalline struc- 
ture. Additionally, photoluminescence (PL) was mea- 
sured at room temperature (RT). The excitation source 
for photoluminescence was a frequency-quadrupled Nd: 
YAG laser, which emitted 266 nm, 6 ns pulses at a 5-Hz 
repetition rate. 

Results and discussion 

Figure 1 shows the FESEM micrographs of the YAG 
phosphor-incorporated ZnO films with various incorpo- 
rated amounts. Following a close examination of the 
cross-sectional and top-view images of the samples, 
the micrographs indicate that the nanoflower consists 
of hexagonal nanopetal on the surface of the film. No 
nanorod and nanofiber structures were observed as 
other published articles [12,13]. The nanopetal sizes were 
approximately 200 to 700 nm. The nanopetal becomes 
blunted with an increasing incorporated amount of YAG 
from 0.5% to 2.5%. The blunted nanopetal might be 
responsible for the degradation of the nanocrystalline 



ZnO grains because the lattice constant of the YAG is 
larger than that of the ZnO [14,15]. Despite the attention 
paid to the ZnO nanoflower in the literature, the nano- 
flower and nanopetal processes still remain unclear 
[10,16-19]. However, the origin of the hexagonal nano- 
flower may contribute to the decomposition and random 
nucleation of the solution precursor leading to the for- 
mation of the three-dimensional ZnO nuclei [10]. As 
the growth process is terminated, the three-dimensional 
growth becomes two-dimensional owing to the reduction 
of the source and the aggregation of the residue pre- 
cursor, subsequently leading to the formation of the 
hexagonal nanopetal on the surface of the sample. 

Figure 2a shows the resistivity as a function of the 
incorporated amount of YAG phosphor. The resistivity is 
nearly constant, ranging from 6 to 8 (1 cm. Figure 2b 
plots both the carrier concentration and the mobility as a 
function of the incorporated amount of YAG phosphor. 
As the incorporated amount of YAG phosphor increases 
to 2.5 wt.%, the carrier concentration likely increases 
to 2.7 x 10 18 cm" 3 , and simultaneously, the mobility 
decreases to 0.3 cm 2 /Vs. The decrease of mobility and the 
increase of carrier concentration, as shown in Figure 2b, 
may be attributed to the degradation of the ZnO film 
crystallinity and the increasing defects caused by the 
incorporation of the YAG phosphor. 

Figure 3 shows a typical XRD pattern of the YAG 
phosphor-incorporated ZnO film deposited on a sapphire 
substrate prepared by the ultrasonic spraying pyrolysis 




Figure 1 FESEM micrographs. YAG-incorporated ZnO films with various incorporated amounts: (a) 0%, (b) 0.5%, (c) 1.5%, and (d) 2.5%. 
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Figure 2 Resistivity, carrier concentration, and mobility, (a) The resistivity as a function of the incorporated amount of YAG phosphor, (b) The 
carrier concentration and the mobility as a function of the incorporated amount of YAG phosphor. 



method. The XRD patterns are normalized to the same 
main peak intensity. Three dominant diffraction peaks, 
i.e., ZnO(100) (26 = 31.76°), ZnO(002) (2(9 = 34.46°), and 
ZnO(lOl) (26 = 36.27°), are observed. Experimental results 
indicate that the lattice parameters are a = 3.244 A and 
c = 5.199 A. The film demonstrates a polycrystalline 
structure. The sample with YAG of 0.5 wt.% has the 
maximum ZnO(lOl) diffraction peak height. As the 
incorporated amount of YAG phosphor increases more 
than 1.5 wt.%, the intensity in ZnO(100) and ZnO(lOl) 
diffraction peaks decreases. A slight shift in the XRD pat- 
terns were observed from 34.445° to 34.425° when the 
YAG phosphor was incorporated into the ZnO films. 
This may be attributed to the lattice constant of incorpo- 
rated YAG larger than that of the ZnO [14,15]. 



Figure 4 presents the RT PL spectra of the ZnO films 
with various incorporated amounts of YAG phosphor. 
The inset shows the photoexcited luminescent photo- 
graphs. According to Figure 4, the RT PL spectrum of 
the ZnO film without a YAG phosphor reveals one peak, 
denoted as peak A, i.e., at approximately 3.28 eV (378 nm) 
and a broad weak band denoted as peak B at approxi- 
mately 2.557 eV (485 nm). Peak A has the shortest wave- 
length and, therefore, is interpreted as being associated 
with free-exciton or band-to-band recombination in the 
ZnO. Additionally, its position is reasonably close to that 
of the bandgap of ZnO at RT, which is approximately 
3.285 eV (377.5 nm) [7-9,20]. Peak B may be attributed to 
the band-to-deep level transition in the ZnO film. As the 
YAG phosphor incorporated into the ZnO films is more 
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Figure 3 X-ray diffraction patterns of the ZnO films with various incorporated amounts of YAG phosphor. 



than 1.5 wt.%, peak C emerges at around 540 nm. Peak C 
is associated with the emission of the YAG phosphor. As 
the incorporated amount is 1.5 and 2.5 wt.%, the color of 
photoluminescence is nearly white, as shown in Figure 4. 
The white light may contribute to the wide emission band 
ranging from 420 to 650 nm, as merged by peaks B and C. 

Conclusion 

In summary, an YAG phosphor-incorporated ZnO 
film is deposited on a slide glass substrate by ultrasonic 



spray pyrolysis. A nanoflower consisting of a hexagonal 
nanopetal is formed on the surface of the samples; in 
addition, the sizes of the nanopetal are approximately 
200 to 700 nm. The origin of the hexagonal nanoflower 
may contribute to the three-dimensional growth becoming 
two-dimensional, owing to the reduction of the source 
and aggregation of the residue precursor as the growth 
process is terminated. Consequently, the hexagonal 
nanopetal is formed on the surface of the sample. This 
study also examines the PL spectra of the samples. As 
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Figure 4 RT PL spectra of ZnO films with various incorporated amounts of YAG phosphor. The inset shows the photoexcited luminescent 
photographs, 
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the incorporated amount of the YAG is 1.5 and 2.5 wt.%, 
the photoluminescence color of the YAG-incorporated 
ZnO films is nearly white. This color may contribute to 
the wide emission band ranging from 420 to 650 nm, as 
caused by the YAG emission and the band-to-deep level 
transition in the ZnO film. 
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